We have recently demonstrated that carbazolebased biradicaloids are promising building blocks in dynamic covalent chemistry. To elucidate their intriguing dynamic covalent chemical properties, it is necessary to understand the physical origin of their biradical nature. To this end, here we focus on two quinoid carbazole systems substituted with dicyanomethylene (DCM) groups via para (p-Cz-alkyl) or meta positions (m-Cz-ph), which are able to form cyclophane macrocycles by the formation of long C−C bonds between the bridgehead carbon atoms linked to the DCM groups. We aim at exploring the following questions: (i) How is the biradicaloid character of a quinoid carbazole affected by the substitution position of the DCM groups? (ii) How is the stability of the resulted cyclophane aggregate attained? (iii) How is the dynamic interconversion between the carbazole-based monomers and cyclophane aggregates affected by this subtle change in the substitution pattern position? Density functional theory-based calculations reveal that both p-Cz-alkyl and m-Cz-ph are open-shell biradicals in the ground electronic state, with the DCM substitution in the meta position resulting in a more pronounced biradical character. In contrast, the derivatization via the nitrogen of the carbazole unit is not predicted to affect the biradicaloid character. The spontaneous nature of the cyclophane-based macrocycle formation (i.e., the cyclic tetramer in p-Cz-alkyl and the cyclic trimer and the tetramer in m-Czph) is supported by the negative relative Gibbs free energies calculated at 298 K. Interestingly, cyclic oligomers in which the DCM groups are inserted in the meta position tend to adopt folded conformations with attractive π−π interactions resulting in more stable aggregates; in contrast, note that an extended ring-shaped conformation is acquired for (p-Cz-alkyl) 4 . In addition, the larger spin density on the bridgehead carbon atom in the meta-substituted system strengthens the bridging C−C bond in the aggregate forms, hampering its dissociation. In fact, the C−C bond dissociation of (m-Cz-ph) 4 and (m-Cz-ph) 3 was suppressed in solution state, although it was achieved in solid state in response to soft external stimuli (i.e., temperature and grinding). In summary, we report a very comprehensive study aiming at elucidating the challenging chemical properties of carbazole-based biradicaloid systems.
INTRODUCTION
Recently, the development of the chemistry of π-conjugated biradical species has attracted much interest because of their unique optical, 1 electronic, 2 and magnetic properties.
quinoid structure and (ii) an open-shell (OS) singlet biradical structure. 6 Interestingly, it has been recently demonstrated that several biradical systems are able to form long C−C bonds between unpaired electrons from the radical centers of the monomers resulting in macrocycles, 7 staircase oligomers, 8 or polymers by diradical polymerization. 9 Thus, π-conjugated biradical compounds have emerged as essential building blocks in dynamic covalent chemistry (DCC) . 10 This field is focused on the creation of structural scaffolds based on chemical components that interact through strong but reversible bonds. In fact, dynamic covalent bonds receive a lot of attention because of their unique feature to become reversible under mild conditions. 11 Carbazole-based materials have been deeply studied due to their good charge-transport properties and chemical stabilities. 12 Recently, we investigated one of the smallest quinoidal biradicaloids reported to be stable in solution under ambient conditions, a carbazole-based system substituted with dicyanomethylene groups via 2,7 (para) positions (p-Cz-alkyl in Figure 1 ). This quinoidal system is able to form a macrocycle cyclophane-type tetramer (p-Cz-alkyl) 4 by the formation of long σ-bonds between the central carbon atoms linked to the dicyanomethylene groups. A dynamic interconversion is demonstrated between the isolated monomer and cyclic tetramer in response to soft external stimuli (temperature, pressure, and light), all causing strong chromic features. 13 The reversibility of this mechanism has been demonstrated by combined IR, Raman, electron paramagnetic resonance, and 1 H NMR spectral data, with support from density functional theory (DFT) calculations. The single-crystal X-ray analysis demonstrated that the macrocycle cyclophane is formed by four molecules joined together by coupling of eight unpaired electrons creating a structural cavity of 12.52 Å. 13 A similar carbazole compound with terminal dicyanomethylene (DCM) groups but meta-substituted has also been recently demonstrated to form macrocyclic cyclophanetype oligomers (i.e., a trimer and a tetramer) by self-assembly of the monomers having two radicals.
14 Therefore, these two quinoid carbazole-based systems substituted with DCM groups via 2,7 (para) or 3,6 (meta) positions (p-Cz-alkyl and m-Czph, respectively; see Figure 1 ) represent a very good test case to study the impact of the substitution pattern on the selfassembly formation of stimuli-responsive cyclophanes.
Specifically, we will focus here on how the different substitution positions of the DCM groups in carbazole-based quinoid systems affect the following points: (i) the ground electronic state properties of the monomer (i.e., biradicaloid character), (ii) the spatial (or supramolecular) arrangement of the formed cyclophane aggregates, and (iii) the dynamic character of the monomer/cyclophane transformation both in solution and solid state in response to external stimuli (temperature and pressure). To this end, we use electronic absorption spectroscopy (UV−vis−NIR) and vibrational spectroscopy (Raman and IR) in combination with state-ofthe-art DFT calculations. 
RESULTS AND DISCUSSION

Ground-State Electronic Structures and Biradical
Character of the Monomers. We first investigate the ground-state electronic structure and biradical character of the carbazole-based molecules. Among these, we analyze their optimized geometries, singlet−triplet energy gap (ΔE S−T ), and highest occupied molecular orbital (HOMO)−lowest unoccupied molecular orbital (LUMO) energetics. Two additional theoretical models are included in the discussion (p-Cz-ph and m-Cz-alkyl, see Figure S1 ) to investigate the role played by the N-substitution (i.e., alkyl vs phenyl groups). The calculated energy diagram of the frontier molecular orbitals shows that the quinoid carbazole-based systems exhibit a very small HOMO−LUMO gap due to the strong stabilization of the LUMO upon the insertion of electron-withdrawing DCM groups (see Figures 2a and S2 ). An additional HOMO− LUMO gap decrease of ∼1 eV is also found when comparing the para-substituted systems with the meta-substituted homologues (i.e., 3.10 eV in p-Cz-alkyl and 2.09 eV in mCz-alkyl), whereas N-substitution has a negligible effect on the energy levels (i.e., 3.07 eV in p-Cz-ph and 2.12 eV in m-Czph). The HOMO and LUMO from the closed-shell configuration are largely delocalized over the π-conjugated core showing a large spatial overlap on the DCM groups, thus representing the more reactive sites that would lead to a pronounced biradical character. In fact, DFT-calculated data reveals that DCM-substituted carbazoles are open-shell singlet biradicals in the ground state, with this effect being more significant when the DCM groups are connected at the meta position (see Table S1 ). The energy difference between the open-shell (OS) and closed-shell (CS) states is ∼2 kcal/mol for the para-substituted systems, whereas this difference increases up to ∼13 kcal/mol in the meta-substituted homologues. In addition, the singlet−triplet energy gap decreases roughly from 5 to 1.2 kcal/mol on going from the para-to the meta-substituted carbazoles. The energetics trend of the ground electronic states is not affected by the amount of the exact exchange included in the M06 suite of functionals used (see Table S2 ).
Interestingly, the calculated data also reveals the following results: (i) The singly occupied molecular orbital (SOMO) profiles of the α and β spins show a typical disjoint feature (see Figure 2b for m-Cz-ph and Figure S3 for the rest of compounds). (ii) The spin densities are distributed along the whole π-conjugated backbone with the carbon atoms linked to the CN groups having the largest density (see Figure 2c for mCz-ph and Figure S4 for the rest of compounds). This effect is more significant when the DCM groups are attached at the meta positions (i.e., values of −0.47 and −0.55 for the carbon bridgehead atoms of p-Cz-ph and m-Cz-alkyl, respectively). Moreover, the spin density over the carbazole core is moderately larger in meta-than in para-substituted systems indicating that π-conjugation of the unpaired electrons on the bridgehead carbons of the DCM groups with the central carbazole unit is facilitated and thus the open-shell biradical species is favored (see Figure 3) . (iii) As in the case of the para-substituted systems, 13 aromatization of the phenyl groups of the carbazole units is also the driving force for the stabilization of the biradical species in the meta-substituted systems (i.e., the closed shell shows a quinoidal pattern, whereas the open-shell form displays a certain degree of aromatization; see DFT-calculated bond lengths in Figure 3 ).
However, there is a weakening of the conjugated double bonds over the whole carbazole backbone (both phenyl and pyrrole rings) upon the insertion of DCM groups at the meta position, therefore facilitating its rupture to create an open-shell biradical.
The calculated spin density on the bridgehead carbon atoms linked to the CN groups suggests a stronger intermolecular C− C binding in the m-Cz-ph monomers than in the p-Cz-alkyl analogues, in agreement with the data discussed below. Similar intermolecular bonding characteristics are discussed based on the conventional Hammett para-substituent parameters in a series of aryl dicyanomethyl radicals. 15 For a better understanding of the key structure−biradical character relationship, the biradical character has been calculated using two methods (see Figure 4 for p-Cz-alkyl and m-Cz-ph and Figure S5 for the rest of compounds). First, the biradical character y (0 < y < 1, where y = 0 represents a closed-shell state and y = 1 represents a pure biradical state) is calculated from the occupation numbers of the highest occupied natural orbital and the lowest unoccupied natural orbital using the spin-unrestricted Hartree−Fock (HF) scheme. 16 A pronounced increase of the biradical character is predicted for the meta-substituted compounds (i.e., y = 0.80 for m-Cz-ph) when compared to the para-substituted homologues (i.e., y = 0.51 for p-Cz-ph). However, Nsubstitution has a negligible effect on the biradical character (i.e., y = 0.80 for m-Cz-ph and 0.79 for m-Cz-alkyl). Second, the fractional orbital density (FOD) method that incorporates a strong correlation effect has also been used to calculate the N FOD values. The N FOD values are the integrated number of electrons arising from the fractional occupation of orbitals and represent a very good estimation of the biradical character. Following the trend reported before for a set of some polycyclic aromatic molecules, 17 where a linear relationship between the N FOD values and the experimental biradical character is reported (see Figure S6 ), N FOD ≥ 1.5 indicates a highly pronounced biradical character, whereas N FOD < 1.5 is associated with a slightly pronounced biradical character. The FOD plots for the carbazole-based systems show that the spatial distribution of the unpaired electrons is highly delocalized over the whole molecule with a strong contribution from the central carbon atoms of the DCM groups (see Figure  4) . The N FOD values calculated for the meta-substituted systems (N FOD ∼ 1.7) indicate a moderate to strong biradical character, whereas the para-substituted homologues with N FOD values of 1.3 are situated on the borderline (i.e., similar values are reported for linear acenes such as hexacene); see Figure S6 . Thus, our calculations suggest that the biradical character is strongly affected by the DCM substitution position, whereas the N-substitution has a negligible effect.
2.2. DFT Insights into the Structures and Stability of the Cyclophane Macrocycles. Thanks to their unique biradicaloid character, the quinoid carbazole systems are highly prone to form cyclic oligomers via σ-oligomerization reactions through the formation of long CC bonds between the carbon atoms linked to the CN groups. For instance, it has already been demonstrated that p-Cz-alkyl monomers form a cyclic tetramer (p-Cz-alkyl) 4 and the m-Cz-ph monomers can build a cyclic trimer (m-Cz-ph) 3 and a cyclic tetramer (m-Czph) 4 . 13, 14 The structures of (p-Cz-alkyl) 4 and (m-Cz-ph) 3 were resolved by X-ray analysis, showing that the C−C bonds between the monomers [1.608−1.639 Å for (m-Cz-ph) 3 and 1.631 Å for (p-Cz-alkyl) 4 ] were remarkably longer than typical C(sp 4 is formed by four molecules extended in the cavity periphery (with negligible π−π overlap) creating a ring-shaped structural cavity of 12.52 Å. In contrast, a folded molecular shape conformation is formed by the cyclic trimer (m-Cz-ph) 3 resulting in labile π−π interactions for the two Cz units that point in the same direction (see Figure S9a) . The negative free energies of formation calculated at 298 K reveal the spontaneous nature of the oligomerization reactions. Thus, these cyclophane-type cyclic oligomers are expected to be formed at room temperature (RT), in good agreement with experiments.
Unfortunately, we could not obtain single crystals of (m-Czph) 4 . Here, we performed DFT calculations for different conformations to address the most favorable intermolecular arrangement of this aggregate. To this end, three different configurations for the spatial disposition of the Cz fragments were considered: (i) a ring-shaped configuration with the four Cz units extended over the periphery with the N-phenyl groups pointed outward of the cavity, (ii) a distorted ring-shaped configuration where one of the Cz fragments is twisted with its N-phenyl group pointed toward the inside of the ring cavity, and (iii) a folded structure where the Cz units are co-facially reoriented in a pairwise configuration. The calculated free energies reveal that the formation of the folded configuration is the most favorable (i.e., about 7 and 25 kcal/mol more stable than the ring-shaped and the distorted ring-shaped configurations, respectively). This can be explained by the presence of co-facially superimposed Cz units in the folded configuration resulting in favorable π−π interactions, which would, in turn, increase the dispersion attractive term of the interaction energy. For instance, π−π distances of 3.54 Å are predicted between adjacent phenyl rings linked to the C−C σ-bonds in (m-Cz-ph) 4 ; see Figure S9b . In addition, the difference of the spin density on the carbon atoms linked to the CN groups, which is larger in m-Cz-ph than in p-Cz-alkyl, as discussed above, would also strengthen the C−C bond bridging in (mCz-ph) 4 .
In summary, our results indicate that changing the DCM groups in the carbazole unit from the para to meta position results in a profound change of the macrocycle conformation. Thus, the resulting cyclic oligomers become more stable leading to stronger C−C bonds when compared to the parasubstituted homologues. These observations anticipate that the insertion of the DCM groups at the meta position would disfavor the C−C bond dissociation by some external stimuli when compared to the para-substituted homologues, as we will discuss below in more detail.
2.3. Interconversion between Cyclophane Aggregates and Carbazole-Based Monomers in Solution. We now explore the optical properties of the cyclophane aggregates and the possibility of C−C bond dissociation in response to external stimuli (i.e., heat and time) to afford the isolated biradicaloid monomers. As seen in Figure 6a ,b, the UV−vis absorption spectra at room temperature of both (pCz-alkyl) 4 and (m-Cz-ph) 4 clearly show a group of bands below λ = 400 nm, which correspond to the cyclophane tetramer. When the white powder of (p-Cz-alkyl) 4 was dissolved in chloroform, the colorless solution turned gradually purple with broad bands appearing between 650 and 850 nm, which reveals the formation of the isolated biradicaloid monomers. 13 In contrast, the solution of the white powder of (m-Cz-ph) 4 kept its initial transparent color and the spectrum showed only the bands of the aggregate. We also investigate the tetramer−monomer dissociation in solution upon heating. Figure 6c,d shows the UV−vis−NIR absorption spectra in toluene at temperatures between 300 and 380 K. For (p-Cz-alkyl) 4 , the intensities of the low-energy band strongly increased upon heating, thus showing the formation of the isolated biradical monomer. In contrast, no absorption spectral changes are found for (m-Cz-ph) 4 after heating in toluene. Other solvents (o-dichlorobenzene and tetrahydrofuran) were checked upon increasing the temperature to favor the cyclophane dissociation, but, unfortunately, we could not obtain any further spectral changes even after heating up to 410 K (see Figure S10) . Therefore, in contrast to that of (p-Cz-alkyl) 4 , C−C bond dissociation of (m-Cz-ph) 4 was suppressed in solution state (either upon heating or as a function of time). Similar behavior is also found for (m-Cz-ph) 3 cyclic oligomer (see Figure S11 ). This data reveals that substitution of DCM groups at the meta position of carbazole increases the spin density on the bridgehead carbon atom and consequently strengthens the bridging C−C bond in the aggregate form, hampering its dissociation. This is in good agreement with theoretical data that predict that meta-substitution results in more stable cyclic oligomers than substitution in the para position (see Figure 5 ). This trend observed in gas-phase calculations is even more pronounced when solvent effects are included using the polarizable continuum model (PCM) approach (see Table S3 in the Supporting Information).
2.4. Interconversion between Cyclophane Aggregates and Carbazole-Based Monomers in Solid State. We now use IR and Raman spectroscopies to monitor solidstate bond dissociation by mechanical stimuli (i.e., grinding with a mortar and pestle). Note that the colorless solid powders of (m-Cz-ph) 4 and (m-Cz-ph) 3 cyclic oligomers turn to deep blue upon grinding, demonstrating the C−C bond dissociation in solid state.
14 A similar chromic effect from white to purple was previously found in (p-Cz-alkyl) 4 after grinding.
13 Figure 7 compares the IR spectra of (m-Cz-ph) 4 and (p-Cz-alkyl) 4 as a white powder and after grinding used to prepare the KBr pellet. For the white powder, an intense band appears at 2253 cm −1 related with the CN stretching, ν(CN), which is very similar to that observed in nonconjugated nitriles. However, three additional ν(CN) bands with low intensity appear at low frequencies (2230, 2214, and 2190 cm −1 ) in the meta-substituted (m-Cz-ph) 4 cyclic oligomer; this might be related with the formation of staircase oligomers leaving two unpaired electrons at the extremity such as open linear tetramers (m-Cz-ph) 4 -op, trimers (m-Cz-ph) 3 -op, or dimers (m-Cz-ph) 2 -op (note that during the recording of the attenuated total reflection (ATR) spectrum, the samples support some pressure). 18 We performed DFT calculations for the open linear oligomers revealing their spontaneous formation (see Figure S12 ); in addition, their calculated IR spectra are also in good accordance with the experimental spectral evolution (see Figure S13) . Interestingly, the samples change color after grinding, and two ν(CN) bands with low intensities appear at 2219 and 2190 cm −1 for the metasubstituted system, whereas a very intense band at 2206 cm −1 rises for the para-substituted compound. This indicates the predominant formation of isolated biradicaloid monomers in the para-substituted system upon pressure application, 13 whereas in the meta-substituted system, staircase oligomers of small size together with isolated monomers might also be formed [note that similar behavior is also found for (m-Czph) 3 cyclic oligomer; see Figure S14 ]. Interestingly, after applying temperature of up to 250°C and then cooling to room temperature, the isolated biradicaloid monomers are preferentially formed in both the meta-and para-substituted systems as suggested by the strong increase of the ν(CN) bands at 2219 and 2206 cm −1 , respectively, related with the isolated monomers. However, the pronounced prevalence of the ν(CN) band at 2253 cm −1 in the meta-substituted system when compared to the para-substituted analogue indicates that σ-oligomers formed by m-Cz-ph fragments are harder to dissociate. Figure 8 shows the FT-Raman spectra of (m-Cz-ph) 4 as a white powder and after grinding used to prepare a KBr pellet. The following spectral changes upon grinding are found in the range between 1700 and 1200 cm −1 where the C−C stretching vibrations of the conjugated backbone appear: (i) The ν(CC) mode of the carbazole rings downshifts from 1634 to 1626 cm , which is related to CC stretching vibrations and CH bending modes of the carbazoles. (iv) A disappearance of the ν(CN) band observed at 2248 cm −1 in the white powder, which is very similar to that observed in nonconjugated nitriles (see Figure  S15 ). These experimental changes are in good agreement with the DFT-calculated Raman spectral evolution from (m-Czph) 4 4 to open linear oligomers to isolated monomer (see Figures S16 and S17) .
In summary, this data reveals that (i) C−C bond dissociation is favored in solid state when compared to solution, (ii) the dissociation mechanism in meta-substituted systems going from the cyclic oligomers to the isolated monomers implies the formation of open-chain (staircase) oligomers with unpaired electrons at the ends, and (iii) metasubstituted aggregates are harder to dissociate in solid state when compared to para-substituted homologues.
CONCLUSIONS
This work provides a deep understanding of the structural and electronic parameters controlling the formation of macrocyclic oligomers by self-assembly of biradicaloid carbazole-based systems. Our results demonstrate that oligomerization behavior is strongly modulated by the DCM substitution position and therefore considerably affects their dynamic covalent properties. A stronger biradical character is predicted when DCM is inserted in the meta position of the carbazole unit when compared to the para position, whereas the Nsubstitution has a negligible effect. As a result, more stable cyclophane macrocycles with attractive π−π interactions and shorter C−C bond bridging are obtained in m-Cz-ph when compared to p-Cz-alkyl. In fact, although p-Cz-alkyl shows a dynamic monomer/cyclic oligomer transformation both in solution and solid state, for m-Cz-ph cyclic oligomers, C−C bond dissociation by external stimuli is suppressed in solution although favored in solid state through the formation of intermediate staircase oligomers with unpaired electrons at the ends. Therefore, the strong chromic effect from white to purple/deep blue in response to soft external stimuli (i.e., temperature, grinding) can be adequately modulated upon appropriate changes in the substitution pattern position. We believe that this study helps to identify new potential design strategies for stimuli-responsive materials.
EXPERIMENTAL SECTION AND COMPUTATIONAL
METHODS Electronic absorption spectra were recorded on an Agilent 8453 spectrophotometer (the UV−vis region) and a Varian Cary 5000 spectrophotometer (the UV−vis−NIR region). Variable-temperature UV−vis−NIR absorption spectra were recorded in an optical cryostat Optistat DN (Oxford Instruments).
Fourier-transform infrared (FT-IR) spectra of pure solid samples (64 scans, 4 cm −1
) were recorded with a Golden Gate Single Reflection Diamond ATR System (Graseby Specac) fitted into a Bruker Vertex 70 FT-IR spectrometer. Variabletemperature FT-IR measurements were carried out in a Specac P/N 21000 cell operating within the temperature range 77− 523 K. During the experiments, the temperature was stabilized within ±0.1 K. It was necessary to wait between 10 and 15 min for the sample to achieve a uniform temperature. Compounds were ground in a pestle and mortar to a powder and pressed in KBr pellets.
FT-Raman spectra were recorded in an FT-Raman accessory kit (RamII) linked to a Bruker Vertex 70 spectrometer. A continuous-wave Nd−YAG laser working at 1064 nm was employed for excitation. A germanium detector operating at liquid nitrogen temperature was used. Raman radiation was collected in a back-scattering configuration with a standard spectral resolution of 4 cm . Scans (3000−4000) were averaged for each spectrum to optimize the signal-to-noise ratio.
Calculations were performed in the gas phase using the Gaussian 09 program. 19 Simulations were carried out in the framework of the density functional theory (DFT) using the exchange−correlation functional (M06-2X) 20 and the 6-31G(d,p) 21 basis set. Note that M06-2X is known to include (at least partly) intra-and intermolecular noncovalent interactions, which prompted its use here for isolated and aggregated structures. 22 To simulate the singlet open-shell structures by DFT, we imposed the broken-symmetry solution with the keyword guess = mix and using an unrestricted wavefunction. For the calculation of the triplet states, standard unrestricted calculations were also done. For the study of relative energies between resonance forms of the ground electronic state in the isolated monomer (i.e., the energy difference between the open-shell and closed-shell singlet states and open-shell singlet and triplet states), the M06 suite of functionals was complementarily used to bracket the effect of the functional choice. These functionals differ in the amount of the exact exchange introduced, with M06 including 27% of the HF exchange, M06-2X including 54%, and M06-HF including 100%. 23 For those aggregates with available X-ray structures [i.e., (pCz-alkyl) 4 and (m-Cz-ph) 3 cyclic oligomers], their geometry optimizations were also performed using the B3LYP-D3 and M06-2X-D3 functionals, which include an explicit correction for dispersion. 24 We found that the M06-2X functional, though lacking an explicit dispersion correction, provides quantitative agreement with the experimental data compared to B3LYP-D3 and gives very similar results to those obtained with M06-2X-D3 (see Figures S7 and S8 in the Supporting Information). These results confirm that the M06-2X functional seems appropriate for evaluating the properties and structures of the carbazole-based aggregates under study.
To gain deeper insight into the role played by the solvent in the aggregate structural properties, the optimum structures and stability of (p-Cz-alkyl) 4 and (m-Cz-ph) 4 cyclic oligomers were determined in toluene, chloroform, o-dichlorobenzene, and dimethyl sulfoxide solution using the PCM method 25 (see Table S3 in the Supporting Information).
Besides, all calculations aiming to disclose the diradical character were performed using the ORCA 4.0 program. 26 We have carried out an analysis based on the fractional occupation number weighted density (FOD) whose main feature is to provide a robust and cost-effective information on the localization of "hot" electrons (strongly correlated and chemically active) in a molecule. 27 We used the FOD analysis for a quantitative description of the open-shell singlet biradical character of these ground-state organic molecules. 17 The number of hot electrons, N FOD , was calculated at the FT-TPSS 28 /def2-TZVP 29 level at a default electronic temperature (T el ) of 5000 K. The isocontour value of the ρ FOD plots was fixed to 0.005 e bohr −3 allowing the systematic comparison between the different systems tackled here.
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